In this work, we present two memristor based chaotic circuits. These circuits are obtained by replacing the nonlinear resistor in the four element Chua's circuit with a memristor. Hence, these chaotic circuits use only the four basic circuit elements. Moreover, one of these circuits has only one negative element in addition to the nonlinearity. The four element Chua's circuit requires two negative elements in addition to the nonlinearity.
I. INTRODUCTION
T HE memristor was postulated as the fourth circuit element by Leon O. Chua in 1971 [2] . Williams et. al. [8] discovered the memristor in 2008 thereby cementing its place as the 4th circuit element. On the other hand, Barboza and Chua [1] proposed the simplest possible chaotic circuit, shown in Fig. 1 . Fig. 1 : The simplest Chua's circuit and its typical attractor [1] A typical implementation of this circuit is shown in Fig. 2 [1] . A 1 is the op-amp for current inversion, this sets a negative L 1 and C 2 . N R is the Chua diode. It turns out that if the Chua diode is replaced by a memristor (with the appropriate nonlinearity), we still obtain chaos. Itoh and Chua [6] proposed some similar circuits, this work was done in parallel during Summer 2008. The work herein was proposed during the author's Qualifying Examination in August of 2008.
The organization of this report is: in the next section, we describe the first memristor based chaotic circuit along with simulation results. Next, the simpler single negative element memristor based chaotic circuit is proposed. Lyapunov exponents are computed for the two circuits via two different methods: the QR method from [4] and the time-series method from [9] .
II. MEMRISTOR CHAOTIC CIRCUIT 1: REPLACING NONLINEAR RESISTOR N R WITH MEMRISTOR Fig. 3 shows the four-element Chua's circuit but with the nonlinear resistor replaced by the memristor. Fig. 4 shows this circuit reduced down to the basic circuit elements. The memristor M in Fig. 4 is a flux controller memristor whose driving-point characteristic [2] is given by:
Here, W (φ(t)) is called as the incremental menductance, defined as [2] :
Using (1) we can write the system equations for Fig. 4 :
The parameters for (3) are: C 1 = 33 nF , C 2 = 100 nF , L 1 = 10 mH and κ = 8.33. In (3), we are free to pick W (φ). Using a simple piecewise linear W (φ) shown below, we get the results shown in the next section. 
VI. LYAPUNOV EXPONENT CALCULATION
Before computing the Lyapunov exponents, the time scales for the first two circuits are scaled to the order of seconds by: τ = |L 1 C 2 |. This is necessary because the Lyapunov exponent algorithms work best for these time scales. At lower time scales, we need really small step sizes for the ode solvers. This causes huge round-off errors.
As mentioned earlier, we use two independent methods to estimate the Lyapunov exponents: the QR method from [4] and the time-series method from [9] . The LET toolbox from [7] and the Lyapunov time series toolbox from [5] have been used to estimate the exponents. The table below summarizes our results. The Appendix has the MATLAB code used for obtaining the values in the table below. VIII. FUTURE WORK This paper has presented two possible memristor based chaotic circuits. Future work includes: 1) Determining the route to chaos (period doubling etc.) in these circuits [3] . 2) Proving the circuits are chaotic rigorously by way of Shilnikov's theorem [3] . 
